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Abstract: Prostasomes are extracellularly occurring submicron, membrane-surrounded organelles produced by the epithe-
lial cells of the prostate and present in semen after secretion. Even dedifferentiated prostate cancer cells have preserved
their ability to produce and export prostasomes to the extracellular space. The precise physiological role of prostasomes is
not known, although some of their properties assign them to important physiological and patho-physiological functions
that could be exploited in prostate cancer growth and development. In this review, some new properties of seminal and
malignant cell line (DU145, PC-3 and LNCaP) prostasomes will be discussed.

There are typical differences in the expressions and activities of prostasomal CD59, ATPase, protein kinases and tissue
factor (TF) as well as in the transfer of prostasomal CD59 to CD59-deficient erythrocytes (rabbit and human PNH eryth-
rocytes). CD59, protein kinases and TF exhibit characteristic patterns of overexpression by malignant cell prostasomes. A
high ATPase activity is recognized on seminal prostasomes with minimal activity on malignant cell prostasomes resulting
in more residual ATP available for phosphorylation reactions. Several proteins are phosphorylated by prostasomal protein
kinases, namely, complement component C3, fibrinogen, vitronectin and E-cadherin. Furthermore, TF is identified as the
main endogenous phosphorylation substrate on prostasomes. In addition, prothrombotic effects of prostasomes are dem-
onstrated. DU145 and PC-3 cell-derived prostasomes exert a higher clotting effect on whole blood and plasma compared
to LNCaP cell-derived and seminal prostasomes.

In conclusion, malignant cell prostasomes show an increased ability to interact with the biological system in favor of pros-
tate cancer cell promotion and survival. The roles played by prostasomes in this context may improve the understanding
of the mechanisms that help the prostate cancer cells to avoid the complement attack (CD59 transfer and phosphorylation
and inactivation of C3), to promote angiogenesis (TF) and to metastasize. It may also provide a better understanding of
some of the complications usually seen in some terminal prostate cancer patients like thrombotic events and tendency to

develop disseminated intravascular coagulation.
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I. GENERAL BACKGROUND
A. Prostate Cancer

Prostate cancer is the most prevalent noncutaneous can-
cer in many of the Western countries and is the second lead-
ing cause of cancer death in men in USA [1]. The introduc-
tion of prostate specific antigen (PSA) in the latter half of
1980s as a biochemical marker of prostate cancer in serum
signified a radical change of the pattern of prostate cancer
diagnosis. It meant that more cases were detected at an early
stage and substantially fewer at advanced stages [2]. The
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causes of prostate cancer are essentially unknown. Still, sev-
eral factors have been connected with a higher risk for this
type of cancer. These are increasing age, family history of
prostate cancer, and men in Western countries (especially
American men of African heritage) [3]. There are also stud-
ies showing that increasing incidence of prostate cancer af-
fects men who have migrated from low-risk to high-risk
countries [4, 5]. Androgen stimulation may imply a carcino-
genic factor, since testosterone promotes proliferation of
prostate epithelial cells and inhibits cell death [6]. It has been
reported that prostate cancer is extremely rare in men cas-
trated before reaching puberty [7].

A clear discrepancy exists between the high incidence of
cancer in the prostate gland and the conspicuously low inci-
dence of primary cancer in the seminal vesicles [8]. This
deserves attention since the two glands represent neighbor-
ing anatomical locations, both of them being exocrine acces-
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sory genital glands, and both being under similar hormonal
control. The prostate gland, contrary to seminal vesicles, is
distinguished by its ability to produce and secrete prosta-
somes [9]. Not only normal prostate acinar secretory cells
but also neoplastic prostate cells have the capacity to synthe-
size and export prostasomes to the extracellular space [10,
11].

It is a long-known principle that tumor cells, opportunis-
tically, tend to exploit the host’s physiologic systems in or-
der to get support in terms of e.g. nutrition, growth, and me-
tastasis. It has been claimed that several prostasomal abili-
ties, primarily developed for the sustenance of the fertilizing
sperm cells, also can be promotive in the transition from a
normal to a neoplastic cell and help the prostasome-
producing, poorly differentiated cancer cells to survive as
metastases [12]. The control of cell proliferation, differentia-
tion, and signal transduction pathways are generally medi-
ated by protein kinases and phosphatases [13,14] whose ac-
tions are modified by hormones, growth factors, and mito-
gens [15]. As a matter of fact, which will be discussed later
in this review (V:F) an upregulation of protein kinase activi-
ties was generally observed in prostasomes derived from
prostate cancer cells in comparison with prostasomes of a
normal cell origin.

B. The Complement System: Its Function and Activation

The complement system is an important part of the
body’s innate immune system. It comprises about 30 distinct
plasma and cell bound proteins that react with one another in
an orderly way to opsonize pathogens and induce a series of
inflammatory responses that help fight infection. Opsoniza-
tion is the facilitation of phagocytosis of microorganisms or
other cells/particles e.g. erythrocytes, through the coating of
their surface with opsonins, which are generally proteins
secreted as the products of complement activation. The com-
plement activates in the absence or presence of antibodies
through triggered-enzyme cascades. The complement system
achieves its function through main effector mechanisms,
namely, opsonization of pathogens by C3b and C4b, re-
cruitment of inflammatory cells, mediating chemotaxis and
release of anaphylatoxins (C3a and C5a), lysis of certain
pathogens and cells by the C5b-9 complex, recognition and
clearance of apoptotic cells and handling of immune com-
plexes.

The complement system could be activated through the
alternative pathway (APW), the classical pathway (CPW) or
the lectin pathway (LPW). All pathways end in the terminal
pathway which leads to the formation of the membrane at-
tack complex (MAC or C5b-9) that forms pores in the cell
membrane leading to cell lysis and death [16-21]. In some
cases sublytic concentrations of membrane attack complex
have been shown not to cause cell lysis but rather initiate
signals that lead to cell apoptosis [22-24] or stimulate some
cell types like the platelets [25].

C. Regulation of the Complement System

The activation of complement is under strict control in
order to avoid unwanted activation of the complement on
host cells. Complement regulators are either soluble proteins
e.g. Cl inhibitor (CI1-INH) or membrane bound proteins.
The membrane bound complement regulatory proteins are
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complement receptor 1 (CR1, CD35), membrane co-factor
protein (MCP, CD46), decay accelerating factor (DAF,
CD55) and membrane inhibitor of reactive lysis (MIRL,
CD59).

1. Membrane Inhibitor of Reactive Lysis (CD59)

CD59, also known as protectin or membrane attack com-
plex inhibitory factor (MACIF), is a regulator of comple-
ment activation that is expressed on erythrocytes, leukocytes,
epithelial and endothelial cells and prostasomes (see below).
CD59 inhibits complement-mediated lysis by preventing full
assembly of the membrane attack complex (MAC) on host
cells. It binds to C8 in the C5b-8 complex, preventing the
polymerization of C9 during the final step of MAC forma-
tion [17, 26]. CDS59 attaches to the cell membrane by a gly-
cosylphosphatidylinositol (GPI) anchor and its molecular
weight ranges between 18-26 kDa [27]. In a clinical condi-
tion known as paroxysmal nocturnal hemoglobinuria (PNH)
some clones of erythrocytes may lack CD59 and thus be-
come vulnerable to complement-mediated lysis resulting in
intravascular hemolysis. PNH is thus considered an uncom-
mon acquired clonal hematologic stem cell disorder classi-
fied as an intravascular hemolytic anemia due to the defi-
ciency of CD59 on PNH erythrocytes [28, 29].

It has been postulated that the protein kinases (PKs) may
play a role in complement regulation. Depending on their
physiological substrate PKs may be able to inhibit the forma-
tion of convertases or MAC thus inhibiting complement ac-
tivation. Through this mechanism PKs may play a possible
role in the development and/or aggravation of some patho-
logical conditions like cancer. Paas and Fishelson [30] have
described the presence of tyrosine and serine/threonine ecto-
protein kinases on the surface of intact cells, e.g. U937 his-
tocytic leukemia human cell line, and also on microparticles
derived from these cells. They also provided evidence that
these ecto-protein kinases phosphorylate, among several
other proteins, C9 and to some extent C3. In an another work
by Ekdahl and Nilsson [31] it has been demonstrated that C3
synthesized by monoblastoid cell line U937 was phosphory-
lated by casein kinase II.

2. Role of Complement in Tumor Surveillance

It has been suggested that the complement system is in-
volved in the immunosurveillance against tumors [32].
Complement activation on tumors may occur in response to
the formation of immune complexes containing anti-tumor
antibodies, through spontaneous activation of the APW in
response to altered cell surface expression [33] or through
tissue destruction resulting from tissue ischemia and necrosis
[34]. Various tumors have been shown to use different coop-
erating and synergistic mechanisms to evade the attack by
the complement system, indicating that evasion of comple-
ment attack is one of the basic mechanisms in tumor devel-
opment [35, 36]. An important mechanism is the over-
expression of complement regulatory proteins such as mem-
brane cofactor protein (MCP; CD46), decay accelerating
factor (DAF; CD55) and CD59, on the tumor cell surface or
in the extracellular environment in e.g. thyroid, prostate,
gastric, breast, colon and ovarian cancer [32, 35-43]. Donin
et al. [35] have shown through antibody blocking that CD59
produces a more complete inhibition of the complement cas-
cade than does CD46 or CD55. They also demonstrated that



Prostasome Involvement in the Development and Growth of Prostate Cancer

blocking of CD59 with monoclonal antibody (mAb) sensi-
tizes breast, ovarian and prostate carcinoma cells to com-
plement attack. An interesting observation has been made by
Gazouli ef al. [44] in that the CD59 gene contains regulatory
elements controlled by p53, suggesting that p53 up-regulates
CD59 on the tumor cell surface.

II. THE SECRETORY FUNCTION OF THE PROS-
TATE GLAND

A. The Nature of Prostatic Secretion

The prostate gland produces a protease-rich fluid that
constitutes about 30% of the ejaculate. This secretion is
transported to the urethra via prostatic ducts. It is a slightly
acidic (pH 6.5), serous fluid in which several major secretory
products can be identified. It contains high concentrations of
prostatic acid phosphatase (PAP) and prostate specific anti-
gen (PSA) (two important markers). It contains also amylase,
proteolytic enzymes, fibrinolysin, citric acid, zinc, calcium,
magnesium, sodium, potassium, carbohydrates, polyamines,
hormones, lipids and growth factors [45, 46].

The major prostate specific proteins are PAP and PSA, as
mentioned above, which are expressed at pubertal and adult
age. Proteolysis is the major function of prostate secretion,
being rich in also exopeptidase and endopeptidase. The most
extensively studied proteolytic enzyme is PSA. PSA is a
member of the human kallikrein family, which in turn is a
subgroup of the serine protease family, and PSA is also
known as seminin, seminal protease or chymotrypsin-like
protease [47, 48].

Albumin is present in semen at a higher concentration
(0.5-1.4 g/L) than any other plasma protein. The prostate
gland is considered to be the major site of albumin transuda-
tion [49]. Human seminal plasma contains also coagulation
and fibrinolytic proteins mainly of prostatic origin.

B. The Glandular Epithelia

The prostatic epithelia and stromal compartments act
together as one functional unit, and evidence suggests that
stromal-epithelial interactions play an important role in regu-
lating prostatic development and growth [50, 51]. The glan-
dular epithelial tissues are formed by cells specialized in
producing fluid secretion that is different from blood plasma
and intercellular fluid.

ITII. PROSTASOMES
A. Their Origin and Secretion

Tall columnar cells with basally orientated nuclei consti-
tute a surface layer of acinar cells in the prostate gland [52].
These secretory cells of the mature prostate contain highly
organized organelles named prostasomes [9], which are re-
leased into the prostatic fluid and semen by exocytosis [9,
52]. This observation of membrane-surrounded prostasomes
in an extracellular position [53-55] was notable and initially
the object of some doubt. The idea of an extracellular occur-
rence of organellar structures like prostasomes was subse-
quently corroborated by the demonstration of the extracellu-
lar occurrence of exosomes produced by other cell systems
[56-59]. Accordingly, exosomes are small membrane vesi-
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cles that are released into the extracellular environment dur-
ing fusion of multivesicular bodies (MVB) with plasma
membrane. Similarly, prostasomes are formed in the apical
part of prostatic luminal epithelial cells. This locus, near the
upper pole of the nucleus, is the area where the Golgi appa-
ratus is most abundant [9, 52]. Prostasome biogenesis pre-
supposes the existence of the so-called ”late endosomes” and
involves the inward budding of what was originally called
“storage vesicles” [9] that should be understood as equiva-
lent to the aforementioned MVB being capable of fusion
with the plasma membrane and release of prostasomes by
exocytosis [9, 52]. The phospholipid composition of prosta-
somes reveals some extraordinary peculiarities. Sphingo-
myelin is the predominant phospholipid class representing
almost half of the total phospholipid measured [60, 61].
Sphingomyelin phosphodiesterase has been described in
prostasomes [62] and this enzyme might be directly involved
in the inward budding of the membrane of MVB (or storage
vesicle) and thus formation of prostasomes (”secondary vesi-
cles”). Sphingomyelin phosphodiesterase cleaves off the
ceramide portion of sphingomyelin releasing phosphocho-
line. The ceramide moiety has been implicated in the forma-
tion of exosome vesicles in MVB [63]. This inward budding
is preferentially taking place in raft-associated microdomains
of the membrane [64]. PC-3 cells have been established as
an epithelial cell line from a human prostatic adenocarci-
noma metastatic to bone [65] and these cells have been used
as model cells to acquire insights in the production and re-
lease of prostasomes. Delta-catenin was identified in culture
media of PC-3 cells, which was partially co-localized and
co-isolated with raft-associated membrane protein caveolin-1
and CDS59, suggesting its potential excretion into extracellu-
lar milieu through exosome/prostasome associated pathways
[66]. Similarly, Llorente et al. [67] observed a high level of
co-localization of caveolin-1 and raft-associated integral
membrane proteins of the MAL family in an intracellular
multivesicular compartment (MVB or storage vesicles). The
same set up of proteins was again found in the prostasome
fraction released from PC-3 cells into the culture medium
[67] giving strong support to the idea that prostasomes origi-
nate as secondary vesicles in MVB before their extracellular
appearance as a result of exocytosis. A subsequent study by
Llorente et al. [68] revealed that cholesterol can regulate the
release of prostasomes from the PC-3 cells. This conclusion
was reached after observing that PC-3 cells subjected to cho-
lesterol-depleting drugs increased their secretion of prosta-
somes [68].

B. Types of Prostasomes Used Experimentally

Prostasomes can be obtained from semen by differential
centrifugations including preparative ultracentrifugations
followed by gel filtration (seminal prostasomes). Addition-
ally, after homogenization procedures followed by afore-
mentioned line of action for seminal prostasomes, non-
malignant prostatic tissue (native prostasomes), prostate can-
cer metastasis (metastatic prostasomes) or prostatic cancer
cell line namely, DU145 (from brain metastasis), PC-3 (from
bone metastasis) and LNCaP (from lymph node metastasis)
can be prepared. The authenticity of prostasomes derived
from prostatic cancer cell lines prepared in this way was
proven by their strictly high cholesterol/phospholipid ratio
[69].
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C. Prostasomal Membrane Architecture

The prostasome membrane architecture is unique in
its composition as regards the lipid content. Quantitative
analysis of membrane lipids revealed domination of choles-
terol over phospholipids. The molar ratio of cholesterol/
sphingomyelin/glycerophospholipids was found to be 4:1:1.
Thus, the cholesterol/phospholipid ratio, being 2.0 [60], was
very high in comparison to most other plasma membranes
including that of spermatozoon being 0.83 [70].

D. Prostasomal Membrane Enzymes

Prostasomal membrane contains several enzymes, the
physiological role of most of them being not yet known.
Prostasomes show a rather high ATP-splitting activity,
which is linked to their membrane [9]. The Mg2+ and Ca”"
stimulated 4TPase enzyme of the prostasomal membrane is
calmodulin-dependent [71]. They contain also glutamyl-
transferase whose activity in seminal plasma is more than
1000-fold higher than in normal serum [72]. The prostate is
the major source of this enzyme [73] and the most of it is
bound to the membrane of the prostasomes [74]. Prosta-
somes also possess arachidonate 15-lipoxygenase activity
[75] which catalyses oxygenation at the n-6 carbon of many
polyunsaturated fatty acids, leading to the formation of a cis-
trans conjugated hydroperoxy fatty acid, which is reduced,
enzymatically or non-enzymatically, to a conjugated hy-
droxy fatty acid. Arachidonate 15-lipoxygenase seems to be
important in the acrosome reaction of bull spermatozoa [76].
Neutral endopeptidase (NEP) is a 100 kDa prostasome-
associated highly glycosylated membrane-bound enzyme
[77].

Prostasomes contain the membrane-bound 5 -nucleo-
tidase enzyme (5-ribonucleotide phosphohydrolase) [78].
It is a phosphohydrolase that specifically catalyses the
hydrolysis of 5'-nucleotides and is widely distributed in
animal and human tissues including bull and human semen.
Its activity is increased in the presence of Mg®* or Mn>" and
strongly inhibited by Ni**. No definite physiological role has
been identified.

Dipeptidyl peptidase IV (CD26) activity was found to be
extremely high in prostasomes [79]. CD26 is a surface anti-
gen that has been found in several cell types. It is a type 11
integral membrane protein [80] and possesses a peptidase
activity. It is a highly specific serine-type protease that
cleaves N-terminal dipeptidase from peptides with a proline
or alanine at the penultimate position [81]. Dipeptidyl pepti-
dase IV was transferred to spermatozoa upon incubation with
prostasomes. Many biologically active peptides are sub-
strates for dipeptidyl peptidase IV [82] but its exact physio-
logical role in humans is not yet fully known. Aminopepti-
dase N (CD13) is a 150 kDa zinc-dependent proteolytic en-
zyme usually used as a marker for prostasomes [72, 83].

Prostasomal protein kinase activity:

Stegmayr et al. (1982) first demonstrated the presence of
protein kinase activities in the secretory granule and vesicle
prostasome fraction of seminal plasma [84]. Spermatozoa
contain protein kinase A (PKA) that may modulate sperm
function [85-88]. It was suggested that, in vivo about half the
protein kinase in seminal plasma was bound to prostasomes
[89].
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E. Functional Role of Prostasomes

Despite that many cell physiological and biochemical
expressions of prostasomes have shown in vitro, yet their
physiological role is not fully known, but the results of some
works could assign them to some important functions.

1. Sperm-Prostasomes Interaction

Prostasomes can adhere to and, to some extent, fuse with
human spermatozoa as shown by free zone electrophoresis
and electron microscopy [90], octadecyl-thodamine fluores-
cence self-quenching [91] and immunofluorescence staining
and confocal microscopy [92]. The fusion was shown to be
cation-independent, strictly dependent on pH and quite a
sperm- specific phenomenon. Membrane fusion may repre-
sent an important physiological mechanism to help sper-
matozoa resist the vaginal acidic milieu. Another result of
this fusion could be the transfer of certain prostasomal en-
zymes to the spermatozoa, i.e. aminopeptidase N (CD13)
[93] and dipeptidylpeptidase IV (CD26) [94].

Prostasomes were found to promote the sperm forward
motility [95-97]. Prostasomes also increased the number of
hyperactivated spermatozoa [96], which is thought to be an
important parameter for the penetration of the zona pellucida
and subsequently for the fertilization [98].

2. Anti-Bacterial and Anti-Viral Effect of Prostasomes

Prostasomes have a bactericidal effect [99]. Their anti-
bacterial activity is associated with bacterial membrane de-
formation. Thus the bactericidal mechanism of prostasomes
may be due to the effect of prostasomal proteolytic enzymes,
making it mechanistically different from that of neutrophil
granulocytes, which are dependent on the generation of reac-
tive oxygen species (ROS) for their killing of invading mi-
croorganisms.

It has been demonstrated that prostasomes could inhibit
viral activity, probably via their membrane cofactor protein
(MCP; CD46) [100]. Kitamura et al. attributed this activity
to the effect that prostasomes functioned like mock cells, and
by taking up the virus, rendered it unable to infect the cells.

3. Anti-Oxidant Activity of Prostasomes

Prostasomes can inhibit superoxide anion production by
neutrophils [101]. It seems that an exchange reaction of lip-
ids (especially of sphingomyelin and cholesterol) between
prostasomes and neutrophils results in the inhibition of the
NADPH oxidase activity of the granulocytes and therewith
abolition of the free radical formation [102].

4. Innate-Immunosuppressive Properties of Prostasomes

Prostasomes also contain the complement regulatory pro-
teins CD46 (membrane cofactor protein, MCP), CD55 (de-
cay accelerating factor, DAF), both being expressed in very
small amounts, and CD59 [103, 104]. The complement-
regulatory effect of prostasomes [103], is mainly mediated
by their content of CD59, which is present in seminal plasma
at a concentration of 20-30 pg/mL [104]. It was possible to
transfer GPI-anchored proteins of prostasomes such as CD59
to spermatozoa and guinea pig erythrocytes [104]. Beside
their content of complement regulatory proteins, prosta-
somes are considered roughly immunosuppressive due to
their effect on neutrophils [101, 105, 106].
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5. Prostasomal Tissue Factor (TF) and Seminal Clotting

The potent procoagulant activity of seminal plasma
added to human blood plasma was first described in 1942
[107]. This potent clotting activity is due to a high concen-
tration of functional tissue factor [108-110]. Human tissue
factor (TF, coagulation factor III, CD142) is a 43-45 kDa,
single chain, transmembrane glycoprotein which serves as an
essential cofactor for factor VII in initiating the physiologi-
cal coagulation cascade of the blood. TF is present in semi-
nal plasma in association with prostasomal membrane at a
very high concentration (21 ng/mL) [108], compared to the
concentration of the free soluble domain of TF in blood
which mounts to 85 pg/mL. Most, if not all, of TF activity in
seminal plasma is assignable to the prostasomes. TF, beside
its role in activation of coagulation of blood, may play a role
in controlling the balance of angiogenic and anti-angiogenic
factors [111, 112]. Angiogenesis, angiogenetic proteins and
neo-vascularization are important in cancer as well as non-
neoplastic conditions as wound healing where TF is usually
overexpressed [113]. TF, has also been suggested to play a
major role as a morphogenic factor during early embryonic
development [114, 115]. Some researchers speculated about
the assignment of seminal TF for other functions rather than
blood coagulation due to its very high expression in semen in
comparison to other coagulation proteins [110, 116-118].
Prostasomal TF may protect against anti-sperm antibody
development and against transmission of infectious agents
[108]. It is the major factor in inducing the formation of the
seminal coagulum which may be important for the sperm
biology. TF may also participate in preparation of endo-
metrium for implantation of the fertilized ovum and placen-
tal development [119].

Increased coagulation is frequently seen in patients with
advanced prostate cancer [120]. Multiple studies demon-
strated high expression of TF in both primary prostate tu-
mors and in metastases. It is postulated that TF has a role in
regulating prostate cancer progress and angiogenesis [121,
122]. TF was found to up-regulate the expression of IL-8 on
the surface of breast carcinoma cells by binding to factor
VlIla, which led to increased cell migration and invasion
[123]. Normally, hemostasis and angiogenesis are tightly
regulated processes both being less regulated in cancer. TF
is being discussed both as a useful prognostic marker for
patients with metastatic prostate cancer [124] as well as a
potential target molecule for specific immunotherapy in
prostate cancer [125].

Biochemical studies have shown TF to be palmitylated
and phosphorylated via the cytoplasmic domain. These post-
translational modifications are expected to affect its struc-
tural and functional properties [126-128].

IV. SEMINAL PROTEIN KINASES AND PROTEIN
PHOSPHORYLATION

Phosphorylation is a very fast way of regulating proteins
and modifying their properties e.g. enzymatic or co-factor
activity, affinity for ligands or susceptibility for degradation.
Phosphorylation is an enzymatic reaction catalyzed by pro-
tein kinases. Protein kinases catalyze the transfer of the y-
phosphoryl group of ATP (or GTP) to an amino acid side
chain of a protein substrate in the presence of divalent
cations. These enzymes could be subdivided into two main
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groups based on their ability to transfer the y-phosphate of
ATP or GTP to (i) alcohol groups on serine/threonine, or (i7)
phenolic groups on tyrosine residues of their protein sub-
strates.

The serine/threonine protein kinases can be divided fur-
ther on the functional basis of being either [13]:

1. Second messenger dependent [e.g. cAMP-dependent
protein kinase (PKA), cGMP-dependent protein kinase,
diacylglycerol-activated/phopholipid dependent protein
kinase C (PKC), Ca’" /calmodulin-regulated protein
kinase].

2. Second messenger independent (e.g. casein kinases CKI
and CKII).

Protein kinases which have the tyrosine as the target
amino acid include the hormone receptor associated kinases
(e.g. insulin receptor and epidermal growth factor) and on-
cogene products (e.g. Src, Ras and Abl). Protein kinases
with dual specificity can phosphorylate tyrosine and serine/
threonine residues [e.g. mitogen-activated protein kinases
(MAPKSs)]. Protein phosphorylation is implicated in control-
ling several biochemical events such as metabolism, mem-
brane transport, neurotransmission, genomic activation,
transcription and cell proliferation [13, 14, 129]. Protein
phosphorylation is reversibly controlled by phosphatases
(dephosphorylation).

Protein kinases and phosphatases are secreted among
other proteins by the prostate gland. The presence of protein
kinases in testis and accessory gland of male reproductive
tract and differential sensitivity of theses enzymes has been
described before [85, 130]. The presence in seminal fluid of
a cAMP-dependent protein kinase with a high specificity for
histone has also been demonstrated [131]. Wilson et al.
[132] suggested the presence of more than one protein kinase
in the seminal fluid. They also concluded that the presence
of phosphoprotein phosphatases in seminal fluid, under the
experimental conditions they used, did not influence protein
kinase reaction towards anionic and cationic protein sub-
strates. Speculations about the source of protein kinases sug-
gested that they derived from the prostate gland, spermato-
zoa and to a lesser extent from the seminal vesicles [131,
133, 134].

The presence of protein kinase activities in the mem-
branes of secretory granules and vesicles of prostatic origin
(prostasomes) in human seminal plasma was first demon-
strated by Stegmayr ef al. [84]. They demonstrated that the
protein kinases in these organelles phosphorylated both ser-
ine and threonine residues in histones, phosvitin and en-
dogenous prostasomal proteins. Protein kinase activity,
mainly belonging to the PKA group of enzymes, is associ-
ated with prostasomes [89, 135]. Prostasomes also show high
ATP-cleavage activity which is linked to their membrane [9,
54, 55]. This cleavage activity is due to the Mg*" and Ca*"
stimulated ATPase enzyme of the prostasomal membrane
which is calmodulin-dependent [71].

V. PROSTASOMES AND PROSTATE CANCER CELL
PROTECTION

A. Pluripotency of Prostasomes

Prostasomes possess a pluripotency in reproduction by
which they ensure the spermatozoa abilities to pass and sur-
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vive in the lower and upper female genital tract, to penetrate
the zona pellucida and successfully fertilize the ovum. These
potencies of prostasomes are, however, a double-edged
sword. It is a long-known principle, as estimated above, that
tumor cells tend to exploit the host’s physiological systems
in order to get support in terms of, for example, nutrition,
growth or metastasis. Hence, it was crucial to investigate
whether the prostasomal abilities that were favorable for the
reproduction process also could be favorable for the prosta-
some-producing, poorly differentiated neoplastic prostate
cells to survive as metastases. Our hypothesis was based on
the abundant occurrence of CD59 in the prostasomal mem-
brane and on our initial finding that this membrane-bound
CD59 could be released and transferred to CD59-deficient
red blood cells, which were thereby rendered resistant to a
subsequent complement attack and hemolysis. These unam-
biguous effects on the otherwise unprotected red blood cells
against a complement attack tempted us to further study
these phenomena in prostasome-producing prostate cancer
cells and their ability to counteract the immune defense. This
was also justified by the fact that prostate cancer cells were
indeed able not only to synthesize but also to release prosta-
somes to their close extracellular environment.

B. The Transfer of Prostasomal CD59 to CD59-Deficient
Erythrocytes

A previous work of Rooney et al. [103] showed that
spermatozoa and guinea pig erythrocytes could acquire
CD59 of seminal plasma and prostasomes. In our published
work [136, 137] we presented data showing that erythrocytes
lacking CD59, and therefore susceptible to complement-
mediated lysis, acquired resistance to lysis after pre-
incubation with purified seminal and malignant cell prosta-
somes. The pre-incubation of PNH erythrocytes with seminal
prostasomes led to what could be described as a normaliza-
tion of the erythrocytes as regards their resistance to the
complement attack in nearly the same way as shown by
normal human erythrocytes [136]. As was indicated by flow
cytometry, the normalization was the result of the transfer of
prostasomal CD59 to the PNH erythrocytes. This was under-
lined by the blocking experiments with anti-CD59 antibodies
and we concluded that the complement regulatory effect of
prostasomes was indeed due to the transfer of CD59. The
inhibition of CD59 by the specific antibody resulted in cells
resembling the PNH cells, which concurred with data from a
previous study [138].

The rabbit erythrocytes (RE) are activators of the APW
of the human complement system and are lysed because their
CD59 is not functional against the human complement sys-
tem. We demonstrated that RE became resistant to human
complement-mediated lysis by acquisition of human CD59
from seminal prostasomes in a dose dependent manner.
Transfer of CD59 from malignant cell prostasomes to RE
also rendered the erythrocytes less susceptible to comple-
ment lysis indicating a preserved functionality after transfer
[137]. In agreement with the increased amount of CD59-
positive prostasomes produced by PC-3 and DU145 cells
(see below), the prostasomes from these cells exhibited the
most pronounced inhibitory effect. The limited antihemolytic
effect of the native and LNCaP prostasomes could be related
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to the low proportion of CD59-positive prostasomes they
produced.

C. Transfer of Prostasomal CD59 to CD59-Deficient
Cancer Cells

Prostasomal CD59 was also transferable to PIPLC-
treated malignant cells [137] indicating that prostasomes
could serve as a source of CD59 for malignant cells in vivo.
However, the unmanipulated DU145 and PC-3 cancer cells
did not acquire additional CD59 when incubated with prosta-
somes. This finding suggests that all the acceptor sites on
these cells were already saturated with CD59 (possibly due
to the transfer from endogenous prostasomes), a conclusion
that is in agreement with previous studies showing that
CD359 is over-expressed on prostatic cancer cells [40]. In
contrast, the untreated LNCaP cells still had unoccupied
CD59-binding sites and were in this respect comparable to
the PIPLC-treated DU145 and PC-3 malignant cells.

D. Mechanism of Transfer of Prostasomal CD59 to
CD59-Deficient Cells

The transfer mechanism, i.e. the release of CD59 (which
is a GPI-anchored protein [103, 104]) from prostasomes and
its insertion in the membrane of acceptor cells, is not known.
Vikeva et al. [139] noticed that isolated CD59 was trans-
ferred to RE in vitro by a mechanism involving high density
lipoproteins (HDL) as carriers. This mechanistic approach
was further elaborated by Sloand et al. [140] who showed
that CD59 could be transferred to PNH erythrocytes in vitro
using HDL preparations rich in CD59. Kooyman et al. [141]
demonstrated that proteins containing (GPI) -anchor could
undergo a transfer between membranes of cells in vivo. Since
CD59 is a GPI -anchored protein in prostasomes, a hydroly-
sis is anticipated to occur before acquisition of CD59 in ac-
ceptor cell membranes. This idea is in line with our previous
demonstration of release of CDS59 after incubation with
PIPLC and their subsequent (re-)saturation with CD59 upon
incubation with prostasomes [136]. Prostasomes contain a
very active phospholipase A, [142] but PIPLC has so far not
been reported in prostasomes. A transfer also requires a close
interaction between prostasomes and acceptor cells. Such an
interaction has been demonstrated by different techniques to
be valid for prostasomes and sperm cells [90, 143], and it is
possible that similar mechanisms are working between the
prostasomal and acceptor cell membranes in this study.
Hence, the transfer of CD59 from prostasomal membranes to
acceptor cell membranes may be the result of cooperative
forces between these two membrane systems. This would be
somewhat in analogy with a previous study of phosphoryla-
tion reactions concerning membrane cooperation between
prostasomes and spermatozoa. Incubations of spermatozoa
and prostasomes together resulted in a 10-fold increase in
total protein phosphorylation compared to the level of phos-
phorylation achieved when either component was incubated
alone [84].

E. Overexpression of CDS9 by Malignant Cell Prosta-
somes and Its Impact on Prostate Cancer Protection

In our laboratory we found that prostasomes (including
seminal prostasomes) derived from cells of malignant and
non-malignant origin showed different expressions of CD59
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and different abilities of complement regulation [137]. Al-
though all types of prostasomes share the property of being
able of inhibiting the complement system [136, 137], this
property was exaggerated in prostasomes of malignant cells.

Flow cytometric analysis of the CD59 content on the
different types of prostasomes suggested that the expression
of prostasomal CD59 is increased when the glandular epithe-
lial cells of the prostate turn malignant. Both PC-3 and
DU145 cells produced abundant amounts of CD59-positive
prostasomes; DU145-derived prostasomes showed a higher
mean intensity while PC-3 produced a subpopulation with
the highest expression of CDS59. In contrast, LNCaP pro-
duced prostasomes with a much lower mean CDS59 intensity.
These results closely resemble those obtained by Jarvis et al.
[40], who using FACS on intact cells detected high levels of
CD59 on PC-3 followed by DU145, and with much lower
expression on LNCaP. On the whole, the malignant cell lines
produced proportionally more CDS59-positive prostasomes
than did non-malignant cells, and the prostasomes produced
by one of the malignant cell lines also expressed a much
higher concentration of CD59 than did the others.

F. Overexpression of Protein Kinases by Malignant Cell
Prostasomes and Prostasomal ATPase Activity

Our findings [144] demonstrated that all types of prosta-
somes express protein kinases (A, C) and casein kinase
(CK). All prostasomes of malignant origin had significantly
higher PK activity compared to seminal ones. It is particu-
larly intriguing that LNCaP prostasomes which were associ-
ated with the highest PKA activity were devoid of ATPase
activity, suggesting that prostasomes with these properties
would be capable of a substantial phosphorylation of avail-
able biomolecules, if trapped in a secluded milieu. The low
ecto-ATPase activity on prostasomes of malignant cell origin
concurs with a previous observation on ecto-ATPase activity
on malignant human glioma cells which was low in compari-
son with normal glia cells [145]. Some previous works have
speculated about the source of recruitment of ATP for such
phosphorylation, which may be due to direct association of
nucleotides to prostasomes, such as GTP proteins [146]. The
occurrence of both ADP and GDP in human prostasomes
have been reported [147]. Some previous works also showed
that malignant cells have higher ecto-ATP synthesizing ac-
tivity [145, 148, 149].

G. Disarmament of Complement System by PKA Phos-
phorylation of C3

Unlike prostasomes in seminal plasma, prostasomes pro-
duced by metastatic cells of prostate cancer will be exported
to the extracellular space surrounding the metastatic cells
and will remain trapped within or in close vicinity to the
individual cells of the tumor [11]. This will create a micro-
environment where prostasomes in their extracellular loca-
tion protect the prostatic malignant cells against innate im-
mune and complement attack and thereby promote their me-
tastasizing ability.

This indicates that the protein kinases, depending on their
physiological substrate, may play a possible role in tumor
pathogenesis. Paas and Fishelson [30] have described tyro-
sine and serine/threonine ecto-protein kinases on intact cells,
e.g. monoblastoid cell line U937, and on microparticles de-
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rived from these cells, which among several other proteins
phosphorylate C9 and to some extent C3. In a previous work
by Ekdahl and Nilsson [31], it was demonstrated that C3
synthesized by monoblastoid cell line U937 was phosphory-
lated by CKII.

Phosphorylation is one of the mechanisms by which the
modification of C3-function occurs. Phosphorylation of
complement component C3 by PKA has previously been
demonstrated to make it inaccessible to physiological activa-
tion [150]. The observation that C3 is phosphorylated by
malignant prostasomal PKA [144] gives strong support to
the idea that these prostasomes may indeed have the capabil-
ity to disarm complement activation by regulatory phos-
phorylation therewith achieving an advantage of survival to
the malignant cell that secreted the prostasomes.

H. Procoagulant Effect of Prostasomes and Overexpres-
sion of Tissue Factor (TF) by Malignant Cell Prosta-
somes

TF the main activator of the extrinsic pathway of coagu-
lation is present in huge amounts in prostasomes [108]. We
identified TF as the dominating endogenous substrate of
prostasomal PKA on both malignant cell-derived and semi-
nal prostasomes [151]. TF, which we showed to be overex-
pressed by malignant cell prostasomes, is known of playing
additional biological roles, including the promotion of tumor
angiogenesis [111, 152], cell adhesion [153], cell migration
[154] and tumor cell invasion [155]. Furthermore, it binds to
plasminogen with high affinity [156] an effector which may
play a role in the enhancement of tumor growth and metasta-
sis [157, 158]. Suppression of fibrinolysis is important for
metastatic prostate cancer cells. In addition to the overex-
pression of TF [151], this work pointed to another mecha-
nism by which this suppression of fibrinolysis may be
achieved, namely by prostasome-mediated extracellular
phosphorylation of key proteins within the coagulation and
fibrinolytic systems. Phosphorylation of fibrinogen has pre-
viously been shown to greatly enhance the resistance of the
formed fibrin network to plasmin degradation [159]. Phos-
phorylation of vitronectin decreases binding of PAI-1 (plas-
minogen activator inhibitor-1) and plasminogen leading to
suppression of fibrinolysis [160]. Previous studies have
speculated about the TF phosphorylation site (the 21 amino
acid cytoplasmatic region), and its involvement in the signal
transduction of TF [126]. However, PKA-mediated phos-
phorylation in the extracellular domain of TF has not been
reported previously and its impact(s) on TF function remains
to be clarified. The clotting ability of prostasomes, seem-
ingly in a dose-dependent fashion, may be related to the ex-
tent of their expression of TF. This finding is contradictory
to another study revealing no difference in the plasma level
of soluble TF detected in either prostate cancer patients or
controls [161]. It is anticipated that prostasomes are released
into the blood circulation at some point during the develop-
ment of prostate cancer. Therefore, the TF activity registered
in whole blood of prostate cancer patients might be prosta-
some-derived. On the other hand, it is not a matter of course
that these prostasomes appear as free organelles in blood
plasma, since they occur associated to leukocytes as indi-
cated previously [162], which concurs with our findings in
addition to their association to erythrocytes. This study sug-
gests a major role for prostasomes in thrombotic events that
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may occur in advanced prostate cancer favoring prostate
cancer growth and development.

I. Phosphorylation of Fibrinogen, Vitronectin and the
Impact on Tumor Growth, Angiogenesis and Fibrinolysis

The observation that fibrinogen and vitronectin were
phosphorylated by all three prostasomal kinases (PKA, PKC
and CK) is equally important since fibrinogen has been im-
plicated to play a role in tumor angiogenesis and migration
of tumor cells, e.g. breast and bladder cancer [163, 164], and
since it has been reported earlier that several of its functions
are affected by phosphorylation with different protein
kinases [165]. Vitronectin stabilizes the inhibitory form of
PAI-1 that modulates fibrinolysis. It also promotes cell adhe-
sion [166] and inhibits the lytic activity of complement

[167]. It may have a possible role in malignancy, as it is ex-
pressed at high levels in tumors [168]. Previous work
showed that PKA can phosphorylate vitronectin at serine
378, herewith affecting its conformation [169, 170]. By this
phosphorylation, vitronectin was converted from an anti-
fibrinolytic agent that prevents the occurrence of undesired
fibrinolysis into a profibrinolytic form that initiates the solu-
bilisation of blood clots [160]. Vitronectin can also be phos-
phorylated by PKC at serine 362 which attenuates its cleav-
age by plasmin, thus regulating plasminogen activation [160,
170, 171]. A recent work has shown that vitronectin can be
phosphorylated by CKII at threonine 50 and 57 leading to
promotion of cell adhesion and spreading [170-172]. We
demonstrate here that vitronectin is an ample substrate espe-
cially for prostasomes derived from malignant cells, for
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prostasomal protein kinase-catalyzed phosphorylation reac-
tions that may influence the antifibrinolytic-fibrinolytic equi-
librium in prostate cancer.

J. Phosphorylation of E-cadherin and The Effect on Cell
Aggregation

The cadherin family of transmembrane glycoproteins
plays an important role in cell-to-cell adhesion and cadherin
dysregulation is strongly associated with prostate cancer
progression [173-175]. E-cadherin was found to be down-
regulated in primary adenocarcinoma of the prostate with
concomitant up-regulation of d-catenin [176]. Experimental
disruption of E-cadherin function stimulated migration and
invasion of DU145-E and other E-cadherin-positive prostate
cancer cell lines [177]. A previous study has shown that
phosphorylation of E-cadherin by PKD1 (PKCmu) was as-
sociated with increased cellular aggregation and decreased
cellular motility in prostate cancer [178]. In our unpublished
data we found that E-cadherin was phosphorylated by
prostasomal PKA and we concluded that this phosphoryla-
tion of E-cadherin may be a mechanism used by metastatic
cell to aggregate and achieve cell to cell adhesion.

CONCLUDING REMARKS

The above discussion and analysis of data on prosta-
somes (summarized in the sketch below) give a clear picture
on the existence of inter-reacting and networking system that
is triggered, augmented and used by cancer cells to survive
the counterattack of the host biological defense system. It is
also used to modify the micro-environment surrounding the
tumor which enables the tumor to invade the neighboring
tissues and later to metastasize to new sites where it can in-
flict its detrimental effect.

The understanding of the protective mechanisms utilized
by the metastatic prostate cancer cells in order to avoid at-
tack by complement and other parts of the innate immune
system will help to identify suitable targets for pharmaceuti-
cal intervention. Possible targets may include GPI-anchored
prostasomal proteins and specific prostasomal protein
kinases present in high concentrations within close vicinity
of metastatic prostate cancer cells. If the over-expression of
complement regulatory proteins and these prostasomal pro-
tein kinases could be controlled or counteracted it could also
be used to potentiate other types of immunotherapy.

Also, better understanding of mechanisms involving the
coagulation events and the occurrence of DIC (disseminated
intravascular coagulation) seen in some terminal prostate
cancer patients may provide better chance for prevention
and/or control of these serious clinical complications. The
altered production and modified chemical properties of ma-
lignant-cell prostasomes manifesting as overexpression of
some important mediators that affect the immune and coagu-
lation blood cascade system present strong evidence that
prostasomes play a pivotal role in the pathogenesis and in
determining the prognosis of the prostate cancer.
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